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Abstract
An austenitic stainless steel has been subjected to large amplitude strain paths containing a strain rever-
sal. During the tests, apart from the stress and the strain also magnetic induction was measured to monitor
the transformation of austenite to martensite. From the in-situ magnetic induction measurements an estimate
of the stress partitioning among the phases is determined.
When the strain path reversal is applied at low strains, a classical Bauschinger effect is observed. When
the strain reversal is applied at higher strains, a higher flow stress is measured after the reversal compared
to the flow stress before reversal. Also a stagnation of the transformation is observed, meaning that a higher
strain as well as a higher stress than before the strain path change is required to restart the transformation
after reversal.
The observed behavior can be explained by a model in which for the martensitic transformation a stress
induced transformation model is used. The constitutive behavior of both the austenite phase and the marten-
site is described by a Chaboche model to account for the Bauschinger effect. In the model mean-field
homogenization of the material behavior of the individual phases is employed to obtain a constitutive be-
havior of the two-phase composite. The overall applied stress, the stress in the martensite phase and the
observed transformation behavior during cyclic shear are very well reproduced by the model simulations.
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1. INTRODUCTION
Transformation of retained austenite under
mechanical loading is especially prominent in
austenitic stainless steel. Under the right cir-
cumstances, the metastable austenite transforms to
martensite under mechanical loading. For recent
experimental studies see for example Lebedev and
Kosarchuk (2000), Nagy et al. (2004) and Post et al.
(2008).
Austenitic stainless steels have a broad range of
applications. In general, they have high corrosion re-
sistance, high cryogenic toughness, high work hard-
ening rate, high hot strength, high ductility, high
hardness, an attractive appearance and low main-
tenance. The delayed cracking of stainless steel
products is in general attributed to the presence of
martensite combined with residual stress (Berrah-
moune et al. (2006)). For the prediction of marten-
site fraction and residual stresses it is important to
have reliable models.
Olson and Cohen (1975) formulated a kinetic
model which explains the martensite formation from
ε-phase nucleation on shear band intersections dur-
ing plastic deformation (Venables (1962)). This
strain induced kinetic model for martensitic phase
transformation has been combined by Stringfel-
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low et al. (1992) with a mean-field homogeniza-
tion model to obtain overall visco-plastic behav-
ior from the constitutive behavior of the individual
phases. Also the influence of the stress state and
transformation plasticity were added. Further exten-
sions have been provided by Tomita and Iwamoto
(1995) for strain rate dependence and by Diani and
Parks (1998) for crystal plasticity. Han et al. (2004)
added stress dependence by evaluating the mechan-
ical driving force on individual martensite variants.
This enabled them to calculate the texture of the re-
sulting martensite.
An alternative theory for mechanically induced
martensite formation was proposed by Tamura
(1982). In his model the driving force of the applied
stress is considered as the reason for the transforma-
tion. See also Perdahcıog˘lu et al. (2008b). When the
thermodynamic driving force as defined by Patel and
Cohen (1953) exceeds a threshold value, the trans-
formation will start. Applications of stress induced
transformation models suitable for macro scale sim-
ulations have been presented by Hallberg et al.
(2007) and Perdahcıog˘lu and Geijselaers (2012) for
austenitic steel and by Lani et al. (2007), Delannay
et al. (2008) and Kubler et al. (2011) for TRIP steel.
For accurate prediction of the state of the ma-
terial after forming, it is important that the non-
proportional deformation behavior is captured cor-
rectly. Very few studies of the large amplitude
cyclic and non-proportional response of metastable
austenitic stainless steel are available in litera-
ture. An extensive experimental program, includ-
ing tension-compression tests, was conducted by
Spencer et al. (2009) on austenitic steel. They report
a strong Bauschinger effect in the austenite stress-
strain response. Results from cyclic shear tests and
tensile tests followed by shear tests were presented
by Gallée et al. (2007). They formulated a model
based on Stringfellow et al. (1992). Hamasaki et al.
(2014) showed that observations during large ampli-
tude cyclic tension-compression tests cannot be cap-
tured by the strain induced transformation model.
In this paper we report on cyclic shear tests,
which have been conducted on a low Carbon
12Cr9Ni4Mo austenitic stainless steel. During the
testing the martensite transformation was monitored
by a magnetic induction sensor.
A constitutive model of austenitic steel which
undergoes a mechanically induced transformation
will be presented, where the martensitic transforma-
tion is modeled as a stress-driven process similar to
the model of Tamura (1982). This transformation
model is then combined with a mean-field formula-
tion for description of the constitutive behavior of
the two-phase composite.
2. EXPERIMENTS
Table 1. Chemical composition of the 12Cr9Ni4Mo steel
used in the experiments in wt.%
C+N Cr Ni Mo
<0.05 12.0 9.1 4.0
Cu Ti Al Si
2.0 0.9 0.4 <0.5
˙
The material used in the tests is 12Cr9Ni4Mo
austenitic stainless steel. Its nominal composition
is given in Table 1. Specimens were cut from 0.5
mm thick sheet as described in Perdahcıog˘lu et al.
(2008a) for deformation in shear, which was applied
at a rate of approximately 0.001 s−1. The strain was
measured real-time on the material surface using a
camera and dot-tracking software. Dots were ap-
plied to the specimen surface before the test and the
corresponding positions were recorded with a fre-
quency of approximately 10 s−1. The data was av-
eraged and post-processed to find the 2-dimensional
deformation tensor F in the material from which the
shear strain γxy is calculated.
During the cyclic shear tests the magnetic induction
was measured to monitor the course of the marten-
sitic transformation. Post et al. (2008) give calibra-
tion data for this specific sensor. For this paper how-
ever the raw sensor readings will be of more inter-
est than the actual martensite volume fractions. The
magnetic induction value is subject to the Villari ef-
fect, it depends on the applied stress. This has been
shown for tensile stresses by for example Post et al.
(2008) and Maréchal et al. (2012). It also appears
when a shear stress is applied. Moreover, the effect
of the shear stress is symmetric with respect to zero
stress. This offers the possibility to determine the
strain and stress at which, during the strain reversal,
a zero shear stress in the martensite is reached. In
this way the partitioning of the stress between both
phases can be estimated.
3. EXPERIMENTAL RESULTS
The measured shear stress vs. shear strain data
are shown in Fig. 1 and the absolute values of the
stresses vs. cumulative strains are plotted in Fig.
2. It is clearly seen, that after strain reversal re-
yielding starts at a distinctly lower stress than was
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attained before strain reversal. This indicates that
the material behavior of the austenite has a strong
Bauschinger effect, which agrees with the findings
of Spencer et al. (2009). The tests with considerable
transformation before strain reversal show that soon
after re-yielding a stress level is reached, which ex-
ceeds the stress level before reversal.
Fig. 1. Shear stress versus shear strain during cyclic
shear tests.
Fig. 2. Absolute stress versus cumulative strain during
cyclic shear tests.
In Fig. 3 the magnetic induction is plotted as a func-
tion of total accumulated strain. After strain rever-
sal considerably more strain needs to be applied for
the transformation to restart. Hamasaki et al. (2014)
reported a similar stagnation of martensite transfor-
mation after strain reversal. In test R04 no marten-
site was formed before strain reversal. Yet, more
plastic strain is needed to obtain a similar amount of
martensite as in a monotonic test (M).
Fig. 3. Magnetic induction versus cumulative shear
strain during cyclic shear tests.
Fig. 4. Magnetic induction versus absolute stress during
cyclic shear tests.
In Fig. 4 the magnetic induction is plotted against
the cumulative absolute shear stress. The curve for
test R04 now closely follows the monotonic test re-
sult. This indicates that the stress rather than the
strain is driving the transformation. When more
martensite has formed before strain reversal, again
considerably more stress is required for martensite
formation than before the strain path change. The
reason for this is that the hard martensite already
present in the material will carry a higher portion of
the applied stress than the soft austenite. This effect
is enhanced by the large Bauschinger effect which is
present in the austenite. More stress must be applied
to the phase mixture to raise the stress in the austen-
ite to a level where transformation is induced again.
This will be confirmed by the model calculations in
Section 5.
3.1. Stress partitioning
In Fig. 5 a detailed view of the induction volt-
age during stress reversal of test R20 is shown. It
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can be clearly seen, that the induction signal gradu-
ally rises when the stress drops from its maximum
value of approximately 330 MPa. Maréchal et al.
(2012) used this effect to calibrate the induction sig-
nal for the applied stress in tensile tests. With that
result they estimated the value of the stress in the
martensite fraction. They did this by removing the
applied stress and measuring the value of the signal
also at zero load.
Fig. 5. Magnetic induction versus stress during cyclic
shear tests. Detail of test R20 in Figure 4.
Table 2. Applied external stress and estimated marten-
site stress.
test applied applied martensite
strain stress stress
R09 9.4% 265 MPa 280 MPa
R16 16.3% 300 MPa 360 MPa
R20 20.5% 330 MPa 410 MPa
xtra 24.0% 355 MPa 425 MPa
R27 27.0% 410 MPa 500 MPa
˙
However, from our measurements it is apparent, that
the induction signal keeps rising even after the ap-
plied stress has reached zero level and becomes neg-
ative. This indicates, that the stress in the martensite
is actually higher than the overall applied stress. The
actual level of the martensite stress can be estimated
by determining the (negative) applied stress at which
the induction signal reaches its maximum. Assum-
ing both phases behave elastically during this phase
of the stress reversal, the martensite stress can be es-
timated as the difference between the overall applied
stress at reversal and the stress at maximum signal.
For test R20 this is estimated as τα′ ≈ 330 + 80 =
410 MPa.
Note that this measurement is only possible in a
shear test as the Villari effect is symmetric with re-
spect to positive and negative values of the shear
stress. No such symmetry exists with respect to
tensile and compressive stresses. The martensite
stresses estimated in this way are summarized in Ta-
ble 2. The ’xtra’ entry is from a separate test shown
in Fig. 7.
4. CONSTITUTIVE MODEL
The martensitic transformation is modeled as a
stress-driven process similar to the model of Tamura
(1982). It depends on the stress resolved in the
austenite phase and it is determined as a function
of the additional mechanical driving force supplied
to the material as formulated by Patel and Cohen
(1953). The model uses the Mean-Field homoge-
nization method, which is based on the evolution of
the average values of the field variables, stress and
strain, in the constituting phases and the interactions
between these average values. In this way it is pos-
sible to distinguish the stress in the phases from the
overall applied stress. A detailed description of the
complete model can be found in Perdahcıog˘lu and
Geijselaers (2012). A resume of it will be given in
this section.
4.1. Martensite transformation model
The martensitic transformation involves a
diffusion-less change of crystal structure. This was
analyzed by Wechsler et al. (1953) and Bowles and
MacKenzie (1954) starting from the postulate of an
invariant plane (habit plane) as interface between the
martensite and the parent austenite, where n is the
normal to the habit plane. The deformation applied
to the normal is described by the vector m. Due
to lattice symmetry 24 different transformation sys-
tems (n,m) can be identified.
When a stress σ acts, while the transformation
evolves, it supplies additional mechanical driving
force U for the transformation (Patel and Cohen
(1953)):
U = σγ : (m⊗n) = σγ : 1
2
(m⊗n+n⊗m). (1)
Here,σγ is the Cauchy stress in the austenite phase.
In a polycrystalline material there are always some
grains optimally oriented with respect to the local
stress to maximize the mechanical driving force.
Then, the maximum value of U is found as:
Umax =
∑
j
σγjλj , (2)
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where λj are the eigenvalues of the symmetric trans-
formation deformation tensor (m ⊗ n + n ⊗m)/2
and σγj are the principal values of the local austenite
stress tensor, both sorted in descending order (Gei-
jselaers and Perdahcıog˘lu (2009)).
The values of λ are material parameters, which are
based on measured data such as transformation di-
latation or crystal lattice constants. By XRD mea-
surement the lattice parameters of both the austen-
ite and the resulting bcc phases can be determined.
With these data 24 transformation variants (n,m-
pairs) can be calculated with respect to the austen-
ite lattice along the procedures outlined by Wechsler
et al. (1953) or Bowles and MacKenzie (1954). The
resulting eigenvalues are given in Table 3.
When the maximum supplied driving force Umax
exceeds the required critical driving force ∆Gcr then
according to Tamura (1982) the transformation will
start. The required critical driving force ∆Gcr is
the lumped value of a collection of separate energy
terms such as chemical driving force, elastic energy,
plastic dissipation, surface energy and interface mis-
match energy.
Table 3. Parameters for martensite transformation ki-
netics.
λ1 λ2 λ3 ∆G
cr n q r
0.124 0.0 -0.104 56.5 MPa 2 0.5 2
˙
The amount of martensite formed fα′ can be ex-
pressed as a monotonic function of Umax (Per-
dahcıog˘lu and Geijselaers (2012)):
fα′ = F (U
max) =
1− 1−r
√
1 + (r − 1)
(〈Umax −∆Gcr〉
q∆Gcr
)n
,
(3)
where n, r and q are parameters that determine the
shape of the transformation curve. The values are
obtained from fitting to the experimental results and
are also given in Table 3.
4.2. Mean-field modeling
The mean-field homogenization method is
based on the evolution of the average values of the
field variables in sub domains and the interactions
between these average values. The overall stress σ
and strain ε are related to the average stresses σγ
and strains εγ in the austenite andσα′ and εα′ in the
martensite by:
σ = (1− fα′)σγ + fα′σα′
ε = (1− fα′)εγ + fα′εα′ .
(4)
It is assumed that the macroscopic stress-strain rela-
tion that is determined for an individual phase is also
valid as an average stress average strain relation for
that phase within the compound:
σ˙γ = Cγ : Dγ ; σ˙α′ = Cα′ : Dα′ , (5)
where Dγ,α′ is the average strain rate in the respec-
tive phase and Cγ,α′ is the consistent fourth order
elasto-plastic tangent of the phase. The constitutive
model used here is Chaboche (1986) kinematic hard-
ening. The data used in the model are summarized
in A.
To close the set of equations the relation between
average phase strain rates Di and the overall strain
rateD has to be specified through fourth order strain
concentration tensors Aγ,α′ (Hill (1965)):
Dγ = Aγ : D ; Dα′ = Aα′ : D, (6)
which, by virtue of Eq. (4), are subject to:
(1− fα′)Aγ + fα′Aα′ = I, (7)
where I is the symmetric fourth order unit tensor.
Different schemes have been formulated using spe-
cific definitions of A. Here we use an approxima-
tion to the self consistent scheme by Lielens et al.
(1998), the so called double inclusion scheme (see
also Doghri and Ouaar (2003) or Perdahcıog˘lu and
Geijselaers (2010)). It is derived by interpolating
between two variants of the Mori and Tanaka (1973)
scheme with the roles of both phases as matrix and
inclusion interchanged. For the Mori-Tanaka model
with martensite as inclusion in austenite and the
other way around we can write:
Dα′ = Hα′ : Dγ
Dγ = Hγ : Dα′ → Dα′ = H−1γ : Dγ ,
(8)
where Hi is the ’local’ strain concentration tensor
for the strain in the inclusion i with respect to that in
the matrix m. Hi is calculated as:
Hi =
(
I− Sm :
(
I− C−1m : Ci
))−1
, (9)
where Sm is the Eshelby tensor of the matrix:
Sm =
3κm
3κm + 4µm
Iv +
6
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κm + 2µm
3κm + 4µm
Id, (10)
where Iv and Id are the fourth order volumetric and
deviatoric unit tensors. The bulk modulus κ and the
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shear modulus µ are found from an isotropic projec-
tion of the elasto-plastic constitutive tensor:
κm = Cm :: Iv ; µm = Cm :: Id. (11)
From the interpolated local concentration tensor
H∗α′ :
H∗α′ =
(
fα′H−1α′ + (1− fα′)Hγ
)−1
, (12)
with the help of Eq. (7), the strain concentration ten-
sors with respect to the global strain are calculated
as:
Aγ = ((1− fα′)I+ fα′H∗α′)−1
Aα′ = H∗α′ : Aγ .
(13)
4.3. Mean-field model with phase transformation
To obtain an homogenized stress-strain relation
the deformation rate is partitioned into an elastic
rate De, a plastic deformation rate Dp and a trans-
formation plasticity rate Dtr (Kubler et al. (2011)),
of which the elastic plus plastic rate is partitioned
among the phases:
Dγ,α′ = D
e
γ,α′ +D
p
γ,α′
= Aγ,α′ :
(
D−Dtr) . (14)
Differentiation of the stress as defined in Eq. (4)
yields:
σ˙ = (1−fα′)σ˙γ+fα′σ˙α′+ f˙α′ (σα′ −σγ) . (15)
The consequence of the last term in the right hand
side of this equation would be that newly formed
martensite gets the same stress as the already formed
martensite. A more realistic assumption is to assign
to pristine martensite the stress of the parent austen-
ite and add this as a dilution term to the martensite
stress rate:
σ˙α′ = Cα′ : Dα′ +
f˙α′
fα′
(σγ −σα′). (16)
Substitution of Eq. (14) into (16) and of the result
into Eq. (15) yields:
σ˙ = ((1− fα′)Cγ : Aγ + fα′Cα′ : Aα′) :(
D−Dtr). (17)
The transformation plasticity depends on the trans-
formation rate:
Dtr = Tf˙α′ (18)
where T is the second order transformation plas-
ticity tensor, which can be expressed as a function
of Umax (Perdahcıog˘lu and Geijselaers (2012)). An
implicit equation for the transformation rate is found
by differentiation of Eq. (3) and substitution of Eqs.
(14) and (18):
f˙α′ = F
′ ∂Umax
∂σγ
: Cγ : Aγ :
(
D−Tf˙α′
)
(19)
Solving for f˙α′ yields an explicit expression:
f˙α′ =
F ′ ∂U
max
∂σγ
: Cγ : Aγ
1 + F ′ ∂Umax∂σγ : Cγ : Aγ : T
: D. (20)
After combining (20) with (18) and (14) and substi-
tution into (17), the stress-strain response for the ho-
mogenized material including transformation plas-
ticity is obtained as:
σ˙ =
∑
i=γ,α′
fiCi : Ai :(
I−
F ′ T⊗ ∂Umax∂σγ : Cγ : Aγ
1 + F ′ ∂Umax∂σγ : Cγ : Aγ : T
)
: D.
(21)
This material tangent describes the constitutive be-
havior of the austenitic steel including the phase
transformation and transformation plasticity. Also
the tension-compression asymmetry of the mechani-
cal response is included. The driving force for trans-
formation differs between tension and compression
due to the difference of the positive and negative
eigenvalues of the transformation strain.
5. SIMULATION RESULTS
The parameters for the cyclic stress strain be-
havior of both austenite and martensite as used in the
simulations are summarized in Table 4. The austen-
ite is modeled with a pronounced Bauschinger ef-
fect, whereas this is kept to a modest level in marten-
site. The parameters describing the transformation
are given in Table 3. All parameters have been op-
timized to fit the simulation results to the measure-
ments.
5.1. Cyclic stress-strain and transformation re-
sponse
In Fig. 6 the simulated stress-strain response is
plotted, together with the measured behavior. The
correspondence is very good over the whole range
of strains in the monotonic behavior as well as in
the reversed shear response. This also holds for the
’unfinished’ cyclic test as shown in Fig. 7.
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Fig. 6. Stress versus strain during cyclic shear tests,
comparison of measurements and simulations (dashed).
Fig. 7. Stress versus strain during ’xtra’ cyclic test, com-
parison of measurements and simulations (dashed).
In Fig. 8 the phase fraction as a function of cu-
mulative strain is shown. Comparison with Fig. 3
shows that the main characteristics are largely re-
produced. In test R04 very little martensite was pro-
duced before strain reversal, yet after reversal ex-
tra strain needs to be applied to obtain a compara-
ble amount of martensite. In all tests where marten-
site was formed before strain reversal, a stagnation
of the transformation is observed after reversal. Af-
ter strain reversal additional strain must be applied
to restart the transformation. This is caused by the
Bauschinger effect of the austenite stress-strain re-
sponse. More strain is required to raise the stress in
the austenite to the level before strain reversal. The
stress in the austenite determines the transformation.
In Fig. 9 the phase fraction as a function of ap-
plied stress is shown. Also here comparison with
Fig. 4 shows that the applied stress needed for
transformation in test R04 closely follows the stress-
transformation curve of the monotonic test. In all
tests where martensite was formed before strain re-
versal, after strain reversal more stress than before
reversal needs to be applied to restart the transforma-
tion. The reason for this is that the applied stress is
partitioned among both phases. The hard martensite
will tend to carry more stress than the soft austenite.
The stress in the austenite is considerably lower than
the externally applied stress.
Fig. 8. Simulated martensite phase fraction versus ab-
solute cumulative strain during cyclic shear
Fig. 9. Simulated martensite phase fraction versus ab-
solute stress during cyclic shear.
5.2. Stress partitioning
On account of Eq. (16), in the calculations the
first formed martensite has an average stress equal to
that of austenite. The higher stiffness of the marten-
site compared to that of the austenite causes stress
concentration in the martensite, the average stress in
the martensite quickly rises. This is shown in Fig.
10. The calculated stress in the martensite compares
well with the values of the stress in the martensitic
phase determined from the analysis of the magnetic
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induction signal as explained in Sec. 3 and summa-
rized in Table 2.
Fig. 10. Partitioning of the average phase stresses. Dia-
monds indicate measured martensite stress (Table 2).
6. CONCLUSIONS
A 12Cr9Ni4Mo austenitic stainless steel has
been subjected to cyclic shear tests. This steel trans-
forms to martensite when subjected to mechanical
working. During the tests, apart from the stress and
strain also the magnetic induction has been mea-
sured to monitor the course of the transformation.
From the magnetic induction signal after strain re-
versal the partitioning of the shear stress among both
phases can be estimated.
To represent the material behavior of this steel a
model can be used in which i) the martensite trans-
formation is modeled as a stress-induced transfor-
mation, where the stress in the austenite phase is
assumed to drive the transformation, ii) the stress-
strain response of the austenite is characterized by
a strong Bauschinger effect and iii) both phases,
austenite and martensite are modeled individually
and are combined through a mean-field homoge-
nization method.
This way an excellent fit of the stress-strain response
is obtained. This applies to the stress during a mono-
tonic deformation as well as to the stress level af-
ter strain reversal. The model also reproduces ac-
curately the stress partitioning among the phases as
estimated from the magnetic induction signal. The
simulated transformation as function of both stress
and strain displays the main characteristics that are
found in the measurements.
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A. Material parameters for kinematic harden-
ing
Both austenite and martensite are modeled as
kinematic hardening with Chaboche back stress evo-
lution and a Voce law for the yield surface radius.
The elasto-plastic behavior of phase i can be de-
scribed by the yield condition:
3
2
(Si −Xi) : (Si −Xi)−R2i (pi) = 0, (22)
where Si is the deviatoric stress and Xi the back
stress in the phase, Ri is the radius of the yield sur-
face, which depends on the equivalent plastic strain
pi. Armstrong and Frederick (1966) formulated an
evolution equation for the back stress, which was ex-
tended by Chaboche (1986) to:
X˙i =
∑
j
X˙ij =
∑
j
(hijD
p
i − cijXij p˙i) . (23)
A Voce-type law is used for the yield surface radius
Ri(pi):
Ri(pi) = R
0
i +
∑
j
∆Rij
(
1− e−rijpi) . (24)
The parameters used in the simulations are summa-
rized in Table 4.
Table 4. Material properties for austenite and marten-
site.
austenite martensite
R0i (MPa) 331 750
∆Rij (MPa) -75 96
1710
-180
rij 104 49
1.8
1.3
hij (GPa) 9 180
0.27
cij 104 33.2
1.3
˙
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